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Performance Comparison of MIMO Techniques for
Optical Wireless Communications in
Indoor Environments

Thilo Fath and Harald Haas, Member, IEEE

Abstract—In this paper, we compare the performance of
multiple-input-multiple-output (MIMO) techniques applied to
indoor optical wireless communications (OWC) assuming line-of-
sight (LOS) channel conditions. Specifically, several 4 x 4 setups
with different transmitter spacings and different positions of the
receiver array are considered. The following MIMO algorithms
are considered: Repetition Coding (RC), Spatial Multiplexing
(SMP) and Spatial Modulation (SM). Particularly, we develop
a framework to analytically approximate the bit error ratios
(BERs) of these schemes and verify the theoretical bounds by
simulations. The results show that due to diversity gains, RC is
robust to various transmitter-receiver alignments. However, as
RC does not provide spatial multiplexing gains, it requires large
signal constellation sizes to enable high spectral efficiencies. In
contrast, SMP enables high data rates by exploiting multiplexing
gains. In order to provide these gains, SMP needs sufficiently
low channel correlation. SM is a combined MIMO and digital
modulation technique. We show that SM is more robust to high
channel correlation compared to SMP, while enabling larger
spectral efficiency compared to RC. Moreover, we investigate
the effect of induced power imbalance between the multiple
transmitters. It is found that power imbalance can substantially
improve the performance of both SMP and SM as it reduces
channel correlation. In this context, we also show that blocking
some of the links is an acceptable method to reduce channel
correlation. Even though the blocking diminishes the received
energy, it outweighs this degradation by providing improved
channel conditions for SMP and SM. For example, blocking 4 of
the 16 links of the 4 x 4 setup improves the BER performance of
SMP by more than 20 dB, while the effective signal to noise ratio
(SNR) is reduced by about 2 dB due to the blocking. Therefore,
MIMO techniques can provide gains even under LOS conditions
which provide only little channel differences.

Index Terms—MIMO, optical wireless communications, repe-
tition coding, spatial modulation, spatial multiplexing.

I. INTRODUCTION

ECENTLY, there has been increasing interest in OWC

because of the tremendous advancements in solid-state-
lighting technology. It is now possible to harnesses vast, free
and largely unused wireless transmission resources in the
infra-red (IR) and visible light spectrum for communication
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purposes. Especially for indoor scenarios, like office and home
environments, OWC can provide significant spectrum relief for
the crowed radio frequency (RF) spectrum used by traditional
wireless communications systems such as wireless local area
networks (WLANSs). As more and more wireless home net-
works are being installed, the public ISM (Industrial, Scientific
and Medical) band gets increasingly crowded leading to a
shortage of available bandwidth, increased interference and
compromised system throughput. In addition, RF communi-
cations can interfere with electrical equipment preventing its
application in sensitive environments like hospitals or aircraft
cabins.

With the advent of high luminance light-emitting diodes
(LEDs), efficient and inexpensive illumination devices are
available which will progressively replace existing light bulbs
and fluorescent lamps. In contrast to the latter, LEDs, being
electronic devices, can be switched must faster. Therefore, an
additional benefit can be generated if LEDs are not only used
for illumination, but also for high data rate wireless commu-
nications to establish flexible and ubiquitous communication
networks [1]-[3]. For instance, the ceiling lights in an office
can be used to transmit data to a receiver placed on a desk
within a room. Apart from the visible light spectrum, the near-
IR band between about 780 nm and 950 nm is also a potential
transmission medium for indoor communications [4], [5].
Commonly, OWC transfers data by modulating the intensity
of the optical signal [6]. Typical light fixtures achieve more
than 400 lux to provide sufficient indoor illumination. Those
illumination levels are enough to transmit data at high SNRs.
At the receiver side, a photo-detector converts the optical
signals into electrical signals which are used to decode the
information. This direct detection enables the implementation
of simple low-cost transceiver devices without the need for
complex high-frequency circuit designs. As the information
can only be received by a photo-detector which is within the
emitted light beam and the signals do not penetrate opaque
boundaries, the propagation can be restricted to specific spots
or areas (rooms). This prevents interception and creates less
interference compared to RF devices whose signals propagate
through walls. Moreover, the LOS characteristic between
transmitter and receiver can provide high SNRs of more than
60 dB at the receiver [7], [8].

In order to provide sufficient illumination, light installations
are typically equipped with multiple LEDs. This property can
readily be exploited to create optical MIMO communication
systems. MIMO techniques are well-established and widely
implemented in many RF systems as they offer high data
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rates by increasing the spectral efficiency [9], [10]. Off-
the-shelf LEDs provide only a limited bandwidth of about
30 — 50 MHz for incoherent IR light and even less for visible
light. Consequently, these incoherent light sources restrict the
available bandwidth of practical OWC systems. Therefore,
it is equally important to achieve high spectral efficiencies
in OWC. For free-space optical transmission the effects of
MIMO have already been studied. It has been shown that
spatial diversity can combat the fading effects due to scattering
and scintillation caused by atmospheric turbulences [11], [12].
Ongoing research activities intend to increase the capacity
of OWC indoor systems by MIMO techniques [13], [14].
However, for indoor OWC it is still not clear to what extent
MIMO techniques can provide gains. This is because in indoor
environments there are no fading effects caused by turbulence
etc., especially if LOS scenarios are considered. Therefore,
indoor optical wireless links are envisaged to be highly corre-
lated enabling only minor diversity gains. Provided that MIMO
techniques mostly rely on spatially uncorrelated channels, it
is unclear whether the optical propagation channel in indoor
environments can offer sufficiently low channel correlation.

In this paper, we study the performance of MIMO tech-
niques for OWC in an indoor environment with LOS charac-
teristic. A simple 4 x4 setup with different transmitter spacings
is assumed. We consider three different transmission schemes,
namely RC, SMP and SM. These techniques are compared
with regard to their BER performance for different spectral
efficiencies. The error ratios are determined by computer
simulations as well as by analytical approximations. For the
latter, we give a framework to determine the theoretical BERs
of the considered techniques using union bound methods.
Moreover, we study the effect of induced power imbalance
between the multiple transmitters. It has been shown in [15]
that for a two-transmitter OWC scenario with highly correlated
channels, power imbalance can improve the performance of
MIMO. In addition, we investigate link blockage as a means
to reduce channel correlation.

The remainder of this paper is organised as follows: In
Section II we define the basic system model and the con-
sidered indoor system setup. The different MIMO techniques
are introduced in Section III and their theoretical bit error
bounds are determined. In Section IV we analyse the BER
performance of the MIMO techniques for different scenarios.
In this context, we investigate the effect of both induced power
imbalance and link blockage. Finally, Section V concludes the

paper.

II. SYSTEM MODEL

We consider an optical wireless MIMO transmission sys-
tem employing intensity modulation (IM) and direct detec-
tion (DD) of the optical carrier using incoherent light sources,
e.g. LEDs. The system is equipped with V; transmitters and
N, photo-detectors at the receiver side. The received signal
vector is

y =Hs+n, (1)

where n is the sum of ambient shot light noise and thermal
noise. It is independent of the transmitted signals and the
main noise impairment as commonly assumed in OWC [5].

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 61, NO. 2, FEBRUARY 2013

_—-TX
3.0 T ’
/
— !
2.04-----"" [ Z
: N i
1.04---====""1 v ,I d
0. 1)
1.0 1
2.0 = 3.0 II
25 - 2.0
/R ym TR
Fig. 1. Geometric scenario used for calculation of channel coefficients.

Consequently, n is real valued additive white Gaussian noise
(AWGN) with zero mean and a variance 02 = 02 _ + 02 .,
where o2, is the shot noise variance and o3, is the
thermal noise variance [5]. Thus, the noise power is given by
02 = Ny B, where Ny is the noise power spectral density
and B is the bandwidth. The transmitted signal vector is
denoted by s = [s1 ... sn,]”, with []” being the transpose
operator. The elements of s indicate which signal is emitted
by each optical transmitter, i.e. s,, denotes the signal emitted
by transmitter n;. The N, x N; channel matrix H is given by

hll tht

H= , ()

thl thNt

where h,,, n, represents the transfer factor of the wireless link
between transmitter n; and receiver n,. As the LEDs are in
close proximity, they can be jointly driven by exactly the
same baseband hardware and electronic driver. We, therefore,
assume that the transmission is perfectly synchronised. In
addition, there is only a very small path difference between
the multiple transmitter-receiver links of some cm (as shown
in Section IV). Therefore, there is negligible temporal delay
between the multiple links and consequently, we consider the
system model given in (1) without time dispersion.

In this paper, we assume optical wireless links with LOS
characteristics. Fig. 1 (right hand side) illustrates a directed
LOS link. As shown, ¢ is the angle of emergence with respect
to the transmitter (TX) axis and ) is the angle of incidence
with respect to the receiver (RX) axis. Furthermore, d depicts
the distance between transmitter and receiver. Using this
geometric scenario, the channel gain of an optical propagation
link can be calculated according to [5] as follows:

. { (];1(32’4 cos” (@) cos (1)
0

—1In(2)

In ( cos(® 1 ))
P 1 (at half power), which is assumed to be 15°. Furthermore,
v 1 denotes the field-of-view (FOV) semiangle of the receiver,
which is assumed to be 15°. These semiangles have been
chosen with regard to a practical LOS indoor OWC system
which has been developed and implemented within the
European Union (EU) project OMEGA [16], [17]. A is the
detector area of the receiver. In this paper, we assume A to be
1 cm?. Clearly, the channel coefficient h,,,,,, depends on the
specific position of transmitter n, and receiver n,.. If a receiver
and a transmitter are not in each others FOV, h,,, ,, = 0.

with the order k = and the transmitter semiangle
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In the following, we consider a 4 x 4 indoor scenario
(N, = 4 and Ny = 4) which is located within a
4.0m x 4.0m x 3.0 m room. We assume that the transmitters
are placed at a height of z = 2.50 m and are oriented down-
wards to point straight down from the ceiling. The receivers
are located at a height of z = 0.75 m (e.g. height of a table)
and are oriented upwards to point straight up at the ceiling.
Both transmitters and receivers are aligned in a quadratically
2 x 2 array which is centered in the middle of the room.
On the basis of this scenario, we investigate different static
setups with varying spacings of the single transmitters on the
z- and y-axis, depicted by drx. The spacing of the receivers
is assumed to be 0.1 m on the x- and y-axis for all considered
setups. This receiver spacing would enable the implementation
of the receiver array into typical laptop computers. Fig. 1
(left hand side) shows the positioning of the 4 x 4 setup. The
receivers are displayed as dots and the transmitters as triangles.
The plotted cones represent the orientation of the transmit
beams and the orientation of the FOVs of the receivers,
respectively. The cone angles are related to the semiangles
of the transmitter and receiver devices.

III. MIMO TECHNIQUES

In the following, we introduce the different MIMO tech-
niques which we study for indoor OWC. We assume that all
considered MIMO techniques use maximum-likelihood (ML)
detection at the receiver side with perfect knowledge of the
channel and ideal time synchronisation. Therefore, the decoder
decides for the constellation vector § which minimises the
Euclidean distance between the actual received signal vector
y and all potential received signals leading to

§ = argmax py (y|s, H) = argmin ||y — HSH% ., @

where py, is the probability density function of y conditioned
on s and H. ||-||p denotes the Frobenius norm.

The simplest MIMO transmission technique is RC which
simultaneously emits the same signal from all transmitters.
Therefore, for RC s; = so = ... = sy, holds. RC is known
to achieve good performance in free-space OWC because
of transmit-diversity [12]. In [18] it is shown that RC can
outperform orthogonal space-time block codes (OSTBCs) like
the Alamouti scheme [19] and single-input-multiple-output
(SIMO) setups. This is due to the fact that the intensities
coming from the several transmitters constructively add up
at the receiver side. In this paper, unipolar M -level pulse am-
plitude modulation (M -PAM) is considered together with RC,
where M denotes the signal constellation size. Consequently,
M-PAM achieves a spectral efficiency of log, (M) bit/s/Hz.
We consider PAM because it is more bandwidth efficient
compared to other pulse modulation techniques such as on-
off-keying (OOK), pulse width modulation (PWM) and pulse
position modulation (PPM). Moreover, PAM has shown to

have similar optical power efficiency compared to direct-
current-biased optical orthogonal frequency division multi-
plexing (DCO-OFDM) [20]. For instance, in [21] and [22]
the authors show that PAM outperforms DCO-OFDM because
the latter requires a high constant DC bias to make the bipolar
OFDM waveform non-negative. This DC bias power affects
the effective SNR of DCO-OFDM in contrast to unipolar PAM
which operates without an additional DC bias. Without loss of
generality, we employ rectangular pulses in conjunction with
M-PAM. The intensity levels are given by:

PAM 27

I ==—=m form=0,1,...

m M—1 a(M_l)a (5)

where I is the mean optical power emitted. According to,
for instance, [6], the BER of unipolar M-PAM can be lower

bounded by
Erx
6
N, ) ()

2 (M —1) 1
M log, (M) Q M-1

BERpam >

where Q(a) = \/% [ exp(=£) dt is the Q-function and
ERx is the received electrical energy. In the following, E; =
(r 1) Ty denotes the mean emitted electrical energy of the
intensity modulated optical signals. 7 represents the optical-
to-electrical conversion coefficient. Without loss of generality,
we assume 7 to be 1 Av/Q/W. T denotes the symbol duration
in seconds. As RC simultaneously emits the same signal from
several transmitters, the optical transmission power is equally
distributed across all emitters. Thus, the intensities given in
(5) have to be divided by factor N,. By doing so, the mean
optical power emitted is constant, irrespective of the number
of employed transmitters. This ensures the comparability of
different setups and transmission techniques. The BER of M-
PAM given in (6) can be generalised for an arbitrary IV, x IVy
scenario which employs RC. The BER of RC is shown in (7)
on top of this page. The intensities emitted by the multiple
transmitters constructively add up at the receiver leading to

an optical power of Igx, = Zf N% Rn,.m, at receiver n,.

ng=1
Consequently, the single channel gains Ay, € [0;1] induce
a distinctive attenuation of the transmitted signals (path loss)
depending on the specific link characteristic. The N, received
signals are combined by maximum ratio combining (MRC)
[23, Ch. 7.2.4]. Thus by applying MRC, the received signals
with a high SNR are weighted more than signals with a low
SNR. Consequently, the electrical SNR after the combiner
becomes:

ERX Ts 2
ZRX 7S T
NO NO nT:1 (T RX”T)
2
TR (&K N ®)
No e N, TNt
N N, 2
Es -
I — hnrnt )
No N’? n,=1 <ntz—1 )
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which corresponds to the SNR given in the argument of the Q-
function in (7). Moreover, (8) comprises the received electrical

Ny
energy given by Erx = >, (r IRXM)2 T. Consequently,

the given BER of RC is (;rllrly 1affected by the transfer factors
of the wireless optical links, respectively by the received
optical power. Thus, RC can be represented by a simple single-
input-single-output (SISO) scheme which provides the same
received electrical energy.

Another well-known MIMO technique is SMP. By applying
SMP, independent data streams are simultaneously emitted
from all transmitters. Therefore, SMP provides an enhanced
spectral efficiency of N; log,(M) bit/s/Hz. Like for RC, we
use PAM for SMP and equally distribute the optical power
across all emitters to ensure that both schemes use the same
mean transmission power. For SMP, the signal vector s has N;
elements which are independent M/-PAM modulated signals
according to (5), whereas their respective emitted intensities
are divided by NV;. Provided that the SMP receiver performs
a ML detection, the pairwise error probability (PEP) is the
probability that the receiver mistakes the transmitted signal
vector s,,,1) for another vector s,,(2), given knowledge of the
channel matrix H. Thus, the PEP of SMP can be calculated
by

PEPsvp = PEP(Sm(1) — S, (2) |H)

2Ty
=« ¢4N

Using this PEP and considering all M™¢ possible combina-
tions of the transmitted signal vector, the BER of SMP can
be approximated by union bound methods. The upper bound
is given in (10) on top of this page, with du(b,,q),b,, @)
denoting the Hamming distance of the two bit assignments
b,, and b, =) of the signal vectors s,,1) and s,,). For
instance, if we assume N; = 4 and M = 2, the bit sequence
“1001” is assigned to sjg = [% 00 %}T and “1000” is
assigned to sg = [£ 00 O}T, resulting in dg(bio,by) = 1.
Therefore, dy (-, ) states the number of bit errors when erro-
neously detecting s,,,(2) at the receiver instead of the actually
transmitted signal vector s,,,(1).

Finally, we also consider SM, which is a combined MIMO
and digital modulation technique, proposed in [24] and further
investigated in [25]-[27]. In SM, the conventional signal
constellation diagram is extended to an additional dimension,
namely the spatial dimension. The spatial dimension is used
to transmit additional bits. Each transmitter in the transmitting
array is assigned a unique binary sequence — the spatial
symbol. A transmitter is only activated when the random
spatial symbol to be transmitted matches the pre-allocated
spatial symbol. Thus, only one transmitter is activated at any
PAM symbol duration. Therefore, only one element of the
signal vector s to be transmitted is non-zero. The element is

©)

2
m@)|IF

[H (s,,) — s

2
(b b)) Q H (s, —s,@)lp (10)
Input bits
..0101[0010[1100|11 10 .0 0 Lfo %
[,
.5, 0 olo| &
00 = TX, D' TX,
01— TX, 00 olol 2
11 =TX, D' TX,
P10 = TX
s o1, o|n| &
RS
00— 7, —
01— 7,
> 1= 1,
10= 7,
Fig. 2. Illustration of SM operation with Ny = 4 and M = 4. The first two

bits in the block of four bits determine the PAM symbol and the second two
bits determine the active LED.

the digitally modulated signal to be sent. The index of the
non-zero element is the spatial symbol. SM simultaneously
transmits data in the signal domain and the spatial domain.
Consequently, SM provides an enhanced spectral efficiency
of logy(Ny) + logy (M) bit/s/Hz. Moreover, as only one trans-
mitter is activated at any symbol duration, SM completely
avoids inter-channel interference (ICI). Thus, SM has a lower
decoding complexity compared to other MIMO schemes [28]-
[30]. Due to the distinct channel transfer factors between a
particular transmitter and the receiver, the receiver is able
to detect which transmitter is activated and hence is able to
detect the spatial symbol. Fig. 2 illustrates the functionality
of SM for a setup with N; = 4 optical emitters and a signal
constellation size of M = 4. The bits to be transmitted are
passed to the SM encoder, which maps them to the respective
signal and transmitter index. In this example, the last two bits
denote the index of the transmitter which emits the signal,
whereas the first two bits represent the actual signal to be
sent. For instance, the bit sequence “1110” is represented by
transmitter number 4 emitting signal [3. In contrast to RC and
SMP, signals with intensity I,,, = 0 cannot be used for the
signal modulation of SM. Because in this case, no transmitter
would be active and the spatial information would be lost.
Therefore, the intensities of common PAM given in (5) have
to be modified to be suitable for SM leading to:

21
= 3T .M.

SM

m

m form=1.

(1)

Consequently, the minimum distance between two SM signals
is 1\3 _{1 , Whereas the minimum distance for common PAM is
M 1 The smaller signal distance of SM might induce a worse
BER performance because the error probability depends on
the Euclidean distance of the transmitted signals. However, as
SM additionally encodes data bits in the spatial domain, it can
provide the same spectral efficiency as common M-PAM with
a lower signal constellation size, hence effectively enlarging
the distance of the signal points. As the SM receiver has to
detect which transmitter has sent the signal, its performance
depends on the differentiability of the multiple channels. Thus,
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the performance of SM is affected by the channel correlation. noise):
The PEP of SM is
1.0708 0.9937 0.9937 0.9226
H ~ 104 0.9937 1.0708 0.9226 0.9937
PEPsm = PEP(s,0) = Spme) [H) drx =027 0.9937 0.9226 1.0708 0.9937 | ’
2T 0.9226 0.9937 0.9937 1.0708
— d _ 2
=Q \/4N0 L (8t = Spmca )i 0.9226 0.7964 0.7964 0.6888
H ~ 104 0.7964 0.9226 0.6888 0.7964
e Moo N 9 dpx =047 0.7964 0.6888 0.9226 0.7964 | °
=Q (|73 2 [T P = Ity By o 0.6888 0.7964 0.7964 0.9226
0 — Ty Ty
S (12) 0.6888 0.5559 0.5559 0.0000
This denotes the probability that the receiver decides for H, _, s~ 1074 0.5559  0.6888 0.0000 0.5559
intensity I (2) being emitted by transmitter ngg), whereas " 0.5559 0.0000 0.6888 0.5559
(1) . . 0.0000 0.5559 0.5559 0.6888
actually transmitter 7, has emitted intensity Im(1 ,- Using this (14)

PEP and con51der1ng all possible MN, signal combinations,
the BER of SM can be approximated by union bound methods.
The upper bound of its BER is given in (13) on top of
this page, where bm(l)nil) is the bit assignment which is

. Lo Tosm . .
conveyed when intensity [, is emitted by transmitter ngl)

and b (2, 1s the bit assignment which is encoded when
m nt

. U iV, . .
intensity I, is emitted by transmitter ngg). Consequently,

d (bm(l)nm,bm@) )
erroneously decoding the bit sequence b_ ., () at the receiver
. . t
instead of the actually transmitted sequence bm(l)n(l).

t

states the number of bit errors when

IV. RESULTS ON BIT ERROR RATIO PERFORMANCE

In this section, we analyse the BER performance of the
MIMO techniques introduced in Section III by considering
several setup scenarios which are based on the model pre-
sented in Section II. In order to ensure comparability, the mean
emitted optical power is the same for each scenario as well
as for all MIMO techniques. We evaluate the error ratios at
the receiver side with regard to transmit energy against power
spectral density of the AWGN. Hence, we take into account
the specific path loss of each setup caused by the particular
distance and angular alignment of the single transmitters and
receivers. Consequently, we define the SNR as N . This is
because considering received energy to noise energy would
disregard the individual path loss of the different setups, thus
disallowing a fair performance comparison.

We consider the 4 x 4 setup with transmitter spacings on the
z- and y-axis of drx = 0.2,0.4 and 0.6 m. Applying (3) to
these scenarios gives the following channel matrices (without

The symmetrical arrangement of the transmitters and receivers
leads to equal channel gains for the links with the same
geometrical alignment. Moreover, if the spacing between the
transmitters is small, the gains are quite similar, whereas if
drx gets larger, the differences between the links increase. If
dtx = 0.6 m, some transmitters and receivers are not in each
others FOV resulting in h,,,,,, = 0. As the channel coefficients
are in the region of 10~*, the electrical path loss at the receiver
side is about —80 dB. Because we defined the SNR as the
ratio of transmitted signal energy to noise, the BER curves
displayed in the following figures have an SNR offset of
about 80 dB with respect to the received energy to noise ratio.
Furthermore, if we consider the diffuse transmission portion
induced by first order reflections on the surfaces (walls),
the reflected optical intensity impinging on the receivers is
in the range of 107!° ] (assuming ideal conditions such as
Lambertian reflectors and a reflectivity of p = 1). This
results in an electrical path loss which is about 110 — 120 dB
larger than the path loss of the LOS transmission. As the
path loss of higher order reflections is even larger, we can
neglect reflections in the following and consider only the LOS
gains given in (14) without any diffuse transmission portions.
However, additional multipath reflections would enhance the
differentiability of the MIMO channels and would reduce the
channel correlation. Hence, as there are no reflections, the
considered LOS scenario is subject to highly correlated links
and constitutes a worst case scenario with regard to channel
correlation.

Enlarging drx increases the path loss. Therefore, the im-
pairment in received energy can be denoted for different

transmitter spacings:
Erxypy—a
AR =10 logyg [ m——2x==_ ).
ERXdTX:O.2

drx=x

5)



Erx, .-, denotes the received electrical energy for
drx =« m. The impairment is related to the d ., = 0.2 m
setup which provides the lowest path loss yielding to

AT, = 0.00dB,
A4~ —1.88dB, (16)
NG~ —6.89dB.

Besides, the maximum difference in path length of the multiple
transmitter-receiver links is about 33.30 mm. This difference
results in a maximum delay variation of 111.06 ps. A delay
variation of several ps only has an effect for switching speeds
in the region of several GHz. As we consider off-the-shelf
LEDs which provide a bandwidth of about 30 — 50 MHz, we
can neglect this delay variation and assume ideal synchroni-
sation of all links without time dispersion.

Fig. 3(a) shows the BER performance of RC, SMP and
SM for the three setup scenarios for a spectral efficiency
of R =4 bit/s/Hz. For drx = 0.2 m and 0.4 m, RC gives
the best performance, whereas SMP performs worst with a
low slope of the BER curve within the depicted SNR range.
This is due to the fact, that for both scenarios the channel
gains are quite similar providing high channel correlation.
Although the performance of SM also depends on the differ-
ences between the links, SM is more robust to these channel
conditions. SM provides a lower error ratio and a steeper
slope of the BER curve compared to SMP. If drx = 0.6 m,
SMP and SM outperform RC at a BER of 10> by about
10 dB, respectively by 9 dB. RC performs about 7 dB worse
compared to the drx = 0.2m case because of less received
energy as Af;‘;‘: 0.6 = —6.89 dB. Despite this larger path loss
for drx = 0.6 m, SMP and SM even outperform RC for the
two other scenarios, which provide a lower path loss. SMP
outperforms SM by about 1 dB for high SNRs. Because of
its multiplexing gain, SMP can operate with a reduced signal
constellation size of M = 2 as opposed to SM which has
to operate with M = 4 to provide the same data rate. But
at low SNR regions of up to about 103 dB, SM provides
the best BER performance. This implies that SM profits from
conveying information in the spatial domain especially at low
SNRs. Whereas at high SNR regions SM suffers from the fact
that it has to use a larger signal constellation size to provide the
same spectral efficiency as SMP. Accordingly, SMP requires a
high SNR to separate the single signal streams at the receiver
side and to benefit from its multiplexing gain. Moreover, the
theoretical lower and upper error bounds (shown by markers)
given in (7), (10) and (13) closely match the simulation results
(shown by lines). Thus, the error bounds provide an accurate
approximation of the BERs at high SNRs.

Fig. 3(b) shows the BER performance of the three schemes
for the same setup scenarios but with an enhanced spectral
efficiency of R = 8 bit/s/Hz. RC requires an SNR increase of
about 24 dB to achieve the same BER of 10~° compared to
the R = 4 bit/s/Hz case. For drx = 0.2 m and dtx = 0.4 m,
SMP still performs worst. However, SM outperforms RC up
to an SNR of about 130 dB for drx = 0.2 m, respectively
134 dB for dyx = 0.4 m. If dyx = 0.6 m, SMP provides the
best performance as it achieves an SNR benefit of about
25 dB compared to RC and of about 12 dB compared to

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 61, NO. 2, FEBRUARY 2013

BER

107> RC (dix =0.2) \ N
SMP (drx = 0.2)

@ SM (drx = 0.2)
- b -RC (drx = 04) .
. SMP (drx = 0.4) \
|- 8 -SM (drx = 0.4) S
—»—RC (drx = 0.6)

SMP (drx = 0.6) > \
—&— SM (drx = 0.6) |

10

100 105

E,
N

80 85 90 95

(a) R = 4 bit/s/Hz

BER

B> RC (drx =0.2)
SMP (drx = 0.2)
~@ - SM (drx = 0.2) N
- b -RC (drx =04)
SMP (drx = 0.4) W
f| -8 -SM (drx = 0.4)
—p—RC (dpx = 0.6)
SMP (drx = 0.6)
—8— SM (drx = 0.6)

110 120 130

Es
E/dB

80 90 100

(b) R = 8 bit/s/Hz

Fig. 3. Comparison of RC, SMP and SM for spectral efficiency of
R =4 and R =8 bit/s/Hz in 4 X 4 setup scenario with varying distance
drx of transmitters on the x- and y-axis (lines show simulation results and
markers analytical error bounds).

SM. Hence, due to its multiplexing gain, SMP requires an
SNR improvement of only 10 dB to provide the same BER
performance when doubling the spectral efficiency from 4 to
8 bit/s/Hz, whereas SM needs additional 21 dB.

If we assume dtx = 0.7m, we get

0.5658 0 0 0
a0 os6s8 0 0

Hy =07~ 10 0 0 05658 0 |°
0 0 0 0.5658

a7

which results in an aligned system where only one trans-
mitter and receiver are in each others FOV. This leads to
a direct alignment with four completely independent links.
Fig. 4 displays the BER results for a spectral efficiency of
R =4 and R = 8 bit/s/Hz for this scenario. In comparison
to the drx = 0.6 m scenario, all MIMO schemes perform
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Fig. 4. Comparison of RC, SMP and SM for spectral efficiency of
R =4 and R = 8 bit/s/Hz in 4 X 4 setup scenario with dprx = 0.7 m (lines
show simulation results and markers analytical error bounds).

worse because there is less energy received. This is due to
the missing cross-connects between emitter n; and receiver
n, for ny # n, leading to Afm‘: 0.7 = —16.95dB. Whereas
SM and SMP undergo a minor performance decrease of
only about 3 dB, the performance of RC is degraded by
about 10 dB. Consequently, RC suffers much more from the
direct alignment, whereas SMP and SM can compensate the
less received energy by the reduced channel correlation. For
R = 4 bit/s/Hz, SM again outperforms SMP at low SNR re-
gions up to about 103 dB. At higher SNRs, SMP outperforms
SM due to its larger multiplexing gain. This issue is even
more evident for the R = 8 bit/s/Hz case, where SMP achieves
major performance gains as it provides this spectral efficiency
with M = 4 compared to SM which has to operate with
M = 64.

In the following, we study why SM achieves performance
gains especially in the low SNR region. Therefore, the BER
of SM is segmented into errors arising from transmitter
misdetection and from signal misdetection. If R = 4 bit/s/Hz,
SM conveys the same number of bits in the spatial and in the
signal domain. Fig. 5 shows that for drx = 0.2 m, the errors
caused by inaccurate detection of the transmitter mainly affect
the BER, whereas the mere signal detection provides much
lower error ratios. If drx = 0.6 m, the transmitter detection
provides a lower error ratio up to an SNR of about 99 dB,
thus improving the overall BER of SM. At higher SNRs
the signal detection can be performed more reliably and the
errors caused by an erroneous detection of the transmitter
get decisive again. In the aligned system (drx = 0.7 m), the
signal misdetection is the dominating source of errors due to
less energy received. In contrast, the detection of the active
emitter can be performed more reliably because the direct
alignment provides the lowest channel correlation. Therefore,
the inherent nature of SM, which is conveying information
in the spatial domain, can be exploited most distinctively by
direct alignment of the optical transmitters and receivers. Thus
despite less energy received, independent links enable the most

10 E
-4
o
m
100 SM (drx = 02) : o
~# . SM TX error (dpx =0.2) 4 R
-+ SM signal error (drx = 0.2)
-6 -SM (drx = 0.6)
_4|| — * - SM TX error (dpx = 0.6) |
10 "F — + - SM signal error (drx =0.6)
—o—SM (drx =0.7)
—*— SM TX error (dpx = 0.7) +
—+— SM signal error (drx = 0.7) B
T T T i
80 85 90 95 100 105 110
E;
—= /dB
N /
Fig. 5. BER of SM segmented into bit errors caused by transmitter

misdetection and signal misdetection for spectral efficiency of R = 4 bit/s/Hz
in 4 X 4 setup scenario with varying distance drx of transmitters on the x-
and y-axis.

reliable detection of the active transmitter.

A. Varying position of receiver array

In this section, we consider the situation when the po-
sition of the receiver array is varied. We define zrx and
yrx as the position offsets of the receiver array on the z-
and y-axis relative to the center of the room. These offsets
increase both the distance and the misalignment between the
transmitter array and the receivers. In order to still be able
to detect the TX beams, we assume a larger FOV semian-
gle of the receivers of \I!% = 45°. The considered position
offsets are: i) zrx = 0.5 m, yrx = 0 m; ii) xrx = 0.25 m,
yrx = 0.75 m and iii) zrx = 0.5 m, yrx = 1.0 m. Applying
(3) to these scenarios results in the following channel matrices:

0.2293 0.2013 0.1462 0.1290
Ho~ 10-4 | 0-2013 02293 0.1200 0.1462
: 0.7964 0.6888 0.6410 0.5559 | °
0.6888 0.7964 0.5559 0.6410
0.0461 0.0272 0.0358 0.0213
Hy~ 107+ | 02573 01798 01917 0.1352)
i 0.0735 0.0424 0.0713 0.0412 [ °
0.4426  0.3040 0.4275 0.2940
0.0061 0.0035 0.0044 0.0025
Ho ~ 104 | 00442 0.0283 0.0299 0.0194
0.0150 0.0082 0.0128 0.0071
0.1290 0.0792 0.1071 0.0663

Fig. 6 shows the BER of RC, SMP and SM for a spectral
efficiency of 8 bit/s/Hz in the 4 x 4 setup scenario with
drx = 0.4 m using these position offsets. The increased dis-
tance between the transmitters and the receivers leads to a
larger path loss and an increased f,o offset compared to
the scenario with zrx = yrx = 0 m. However, the larger
distance also increases the differences between the channels.

This improves the performance of SMP. While SMP performs
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Fig. 6. Comparison of RC, SMP and SM for spectral efficiency of
R =8 bit/s/Hz in 4 X 4 setup scenario with dtx = 0.4 m and varying
position offsets of receiver array on the x- and y-axis (lines show simulation
results and markers analytical error bounds).

worst when the x-offset and y-offset are zero (due to channel
similarities), it performs better than RC and SM when as-
suming position offsets and larger distances. This is because
of favorable channel conditions and the fact that the spatial
multiplexing gain of SMP grows linearly with the minimum
number of transmitters and receivers. In contrast, the spatial
multiplexing gain grows only logarithmically in the case of
SM, and there is no spatial multiplexing gain in the case of
RC.

B. Power imbalance between transmitters

In the following, we analyse the effect of induced power im-
balance between the single transmitters. Thus, the transmission
power is not uniformly distributed across all /V; transmitters
but imbalanced. We define J as the optical power imbalance
factor in dB and o = 1070 as the imbalance factor on a linear
scale. Therefore, o denotes the optical power surplus factor
assigned to one transmitter in comparison to another one. Note
that the mean optical power emitted by all transmitters, I, is
still the same as before. This means that the total transmission
power is not increased by driving individual LEDs in the array
with different powers. Moreover, the power distribution is
done without any channel state information at the transmitter.

The induced power imbalance factors for each transmitter
can be calculated by

— Nt
T = N—1 ‘7
>, o (19)
=0
Yi+1 = @yj fOI'jzl...Nt—]..

For instance, if we assume d =3 dB and N; = 4, we get
v R %, Yo R %, V3 R % and 4 ~ Q . Using these factors,
the optical transmlssmn power as51gned to emitter n; applying
RC or SMP is Int = N Yn, and for SM it is Int = I,,. Note
that the signal modulation technique is still PAM according to
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Fig. 7. Comparison of RC, SMP and SM for spectral efficiency of
R = 4 bit/s/Hz in 4 x 4 setup scenario for varying power imbalances ¢ (lines
show simulation results and markers analytical error bounds).

(5) and (11), whereas now I~nt is the mean optical power used
for modulation by transmitter n;.

Fig. 7 depicts the BER of RC, SMP and SM for a spectral
efficiency of 4 bit/s/Hz in the 4 x 4 setup scenario with
drx =0.2m and drx = 0.6 m for varying power imbal-
ances. As shown, adding an imbalance to the transmission
powers can enhance the performance of both SMP and SM,
whereas it has no influence on RC. By imbalancing the power,
the correlation of the single links is reduced making them more
distinguishable at the receiver side. The receiver does not need
any knowledge about the induced power imbalance because it
implicitly gets this information by channel estimation which
it performs anyway. Therefore to the receiver, the power
imbalance appears to be due to the actual channel propagation.
Consequently, imbalancing transmit powers does not increase
the receiver’s detection complexity. The performance of RC
is not related to link differences but only to the absolute
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channel gains. Therefore, power imbalance has no effect on
the performance of RC given the symmetrical arrangement
of the channel gains denoted in (14). The results for the
drx = 0.2 m scenario shown in Fig. 7(a) indicate that a
power imbalance of about 6 = 1 dB results in the best BER
performance for SM, whereas for SMP § = 3 dB gives the
lowest BER. More pronounced power imbalances lead to
worse error ratios. While the correlation of the links may
be reduced, the transmission power for some of the links is
largely decreased in this case. This leads to a low SNR on
these links and consequently, to a worse BER performance.
Therefore, a compromise between channel correlation and
appropriate signal detection is required. This is also the reason
why SMP can operate with higher power imbalances compared
to SM. SM has to operate with a larger signal constellation size
to provide the same data rate, thus making it more susceptible
to low SNRs. Consequently, SMP can profit to a larger extent
by power imbalancing and achieves the same performance as
RC. Note that the channel conditions without power imbalanc-
ing caused SMP to perform significantly worse than RC and
SM in this scenario (see Fig. 3(a)). For drx = 0.6 m, power
imbalance has a negative effect on SMP and SM as their
performance decreases with rising ¢ as shown in Fig. 7(b).
Thus, no further benefits can be achieved and § = 0 dB gives
the best performance for both SMP and SM.

C. Link blockage

In this section, we consider the drx = 0.2 m and 0.4 m
setups with an induced link blockage between some transmit-
ters and receivers. This can be achieved by installing opaque
boundaries in the receiver device or by smaller FOVs of the
optical receivers. We assume the channel coefficients as given
in (14) and block the same links of the 4 x 4 setup as in the
dtx = 0.6 m scenario: the links between TX; and RXy; TX,
and RX3; TX3 and RX5; TX4 and RX;. This results in the
following channel matrices for the two setups with induced
link blockage:

1.0708 0.9937 0.9937 0.0000
i ~ 104 | 0:9937 10708 0.0000 0.9937
dpx=0.2" 0.9937 0.0000 1.0708 0.9937
0.0000 0.9937 0.9937 1.0708
(20)
. - NE
resulting in Ad:;:o.? ~ —2.29dB and
0.9226 0.7964 0.7964 0.0000
i ~ 104 | 07964 0.9226 0.0000 0.7964
dpx=0-4"7 0.7964 0.0000 0.9226 0.7964
0.0000 0.7964 0.7964 0.9226
21

resulting in A7™_ | ~ —3.99 dB.

Fig. 8 depicts the BER of RC, SMP and SM for
R = 4 bit/s/Hz in these two setups. Relative to the results
without link blockage, RC performs about 2 dB worse. This is
because the induced link blockage leads to a lower SNR at the
receiver. However, the performance of SM and SMP is signif-
icantly enhanced. Although there is less energy received, both
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Fig. 8. Comparison of RC, SMP and SM for spectral efficiency of
R = 4 bit/s/Hz in 4 X 4 setup scenario with drx = 0.2 m and 0.4 m with
induced link blockage (lines show simulation results and markers analytical
error bounds).

MIMO schemes profit from the reduced channel correlation.
Especially SMP, which performs worst without link blockage,
benefits from the reduced channel correlation and provides the
lowest error ratio in this scenario. The dtx = 0.2 m setup
with induced link blockage provides the best compromise
between channel correlation and received energy. As shown,
both SM and SMP perform about 2 dB better compared to the
setup with drx = 0.4 m and induced link blockage. Relative
to the drx = 0.6 m setup (see Fig. 3(a)), SM and SMP
achieve an even larger performance gain of about 5 dB.

V. SUMMARY AND CONCLUSION

In this paper, we have studied the performance of MIMO
techniques applied to OWC in indoor environments. Several
4 x 4 setups with different spacings of the transmitters and
different positions of the receiver array have been considered.
We have shown that for OWC, MIMO schemes can provide
gains even under static LOS conditions — channel conditions
which commonly disallow the use of MIMO techniques in
the RF domain. It has been shown that SMP improves the
spectrum efficiency in IM/DD transmission systems. In order
to achieve these improvements, sufficiently low channel corre-
lations are required. Similarly, SM achieves improved spectral
efficiencies especially at low SNRs and it is more robust to
high channel correlation. SM enjoys additional implementa-
tion advantages as it only requires low complexity detection
algorithms. This is because SM prevents ICI. RC is insensitive
to different transmitter-receiver alignments, but suffers from
the fact that it requires large signal constellation sizes to
provide high data rates. It has been found that induced power
imbalance between the transmitters is an effective technique to
improve the BER performance. Under conditions which cause
high channel correlation, power imbalance can enhance the
performance of both SMP and SM remarkably. Consequently,
if the transmission power is imbalanced, SMP and SM can
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even be used in scenarios which typically disallow the appli-
cation of MIMO schemes. As shown, the best performance
for the considered 4 x 4 indoor scenario can be achieved
by blocking some of the 16 links between the transmitters
and receivers. This induced blocking reduces the SNR at
the receiver side. However, blocking 4 links, for example,
improves the BER of both SMP and SM, since it outweighs
the loss in SNR by reducing the channel correlation. These
two MIMO techniques capitalise on both SNR and channel
differences. Therefore, the induced link blockage represents
the most suitable compromise between channel correlation and
received energy for the considered scenarios. This work has
also demonstrated that practical OWC systems could greatly
benefit from adaptive MIMO techniques.
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